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INTRODUCTION: 

The objectives of this flame retardant chemistry study into the ternary 
reactions which occur among polymer substrates, organohalogen compounds and 
antimony oxides in the condensed phase under pyrolytic and combustion condi- 
tions were: 


1. To elucidate in detail the principal solid state reactions which 
result in the formation of volatile antimony containing species and the 
role of the polymer substrate in these reactions. 


2. To establish a mechanistic basis for the role of the metal species in 
the degradation reactions which have been observed in the solid state. 


3. To relate the results from small scale degradation studies to the 
combustion behavior measured in the cone calorimeter and to attempt to 
establish useful parameters between the observed solid state chemistry 
and the combustion behavior. 

The antimony oxide/organohalogen synergism in flame retardant additives 
has been the subject of considerable research and discussion over the past 
twenty-five years (1-17). In addition to antimony oxide, a variety of bismuth 
| compounds and molybdenum oxide have been the subject of similar studies 
(18-20). Despite this intensive investigation, relatively little has been 
established about the chemical mechanism of the metal component volatilization, 
except in those cases where the organohalogen component is capable of under- 
going extensive intramolecular dehydrohalogenation. 

At least three different mechanisms had been previously proposed to 
account for the antimony volatilization which occurs during the combustion of 
polymer substrates in the presence of antimony oxide and an organohalogen. 
These reaction sequences can be separated into two categories according to 
whether or not the organohalogen component can undergo intramolecular dehydro- 
halogenation. 

For those organohalogen compounds which can undergo intramolecular dehy- 


drohalogenation, reaction sequence [1] has been proposed as the principal route 


to the generation of volatile antimony containing species (3, 5, 7, 18, 20). 


R-CH,-CHX-R ———-= R-CH=CH-R + HX [1] 


6HX + Sb,0, ———= 2SbX, + 3H,0 
Examples of additives and polymer substrates which could react via [1] would 
be chlorinated parafin waxes, hexabromocyclododecane and poly(vinylchloride) 
or poly(vinylbromide). 

For those organohalogen compounds which cannot readily undergo intramole- 


cular dehydrohalogenation, two alternative reaction sequences, [2] and [3], 


for the generation of volatile antimony containing species have been proposed 


(9 Foie boone 
R-CH,CH,R ————»» 2RCH; 
R-CHs + R-X ——e R-CH,-R + X [2] 
X+ + R-CH,CH,-R —m HX + R-CHCH,-R 
c 
6HX + Sb,0,————> SbX, + 3H,0 
Sb,0,°+°R-X ——= [Sb0..-X.,.R]* , [3] 


n[SbO...X...R]*——» Sbx, + [R,0]* 

Examples of additives to which either or both of these reaction sequences 
could apply are decabromodiphenyl oxide, tetrabromobisphenol-A and chlorinated 
cyclopentadiene adducts. 

There is substantial data to support reaction sequence [2] and some data 
suggesting sequence [3] (21, 22) may occur under certain pyrolysis conditions, 
but no evidence has been published for [3] in the absence of a large excess of 
polymer substrate segments. In the case of [2] and [3] it has been suggested 
that these reactions would be dependent on the carbon-halogen bond strength in 
the organohalogen component (9). Presumably other metal oxide compounds, such 
as bismuth or molybdenum oxide, could undergo similar reactions under the 


appropriate conditions. 


The results of the small scale degradation studies for the binary mixtures 
and the preliminary interpretation of the laboratory scale combustion results 
have been presented in detail in previously submitted final reports (23-26). 
The most important conclusion drawn from these data was that no reactions were 
observed in the binary mixtures which could account for the antimony volatili- 
zation observed in the flaming combustion experiments from those samples 
containing either DBDPO/Sb.0., or TBBPA/Sb.0.,. In addition, the subsequent 
multi-step thermal analysis and larger scale tube furnace pyrolysis experiment 
results clearly demonstrated the critical nature of the solid state chemistry 
in controlling the generation of volatile antimony species in the 
PP/DBDPO/Sb.0., system (26). These experiments also indicated that there was 
at least one mechanism, different from [1-3], for the generation of these 
species, and that it did not involve HX. Finally these results indicated that 
some degree of direct interaction was occurring between the polymer substrate 
and the antimony oxide. 

Based on the results from the last phase of the early studies, two new 
mechanisms, [4] and [5], for the volatilization of antimony from antimony 
oxide/organohalogen flame retardant systems were proposed (25). 

A 


Sb.0., +, Polymer .——___—______» . Sb° + [| Polymer-0O- ] [4] 
A 


Bb a Dk ee ee Ue Che OURS be tate [| R) 
ny z 


Sb,0, + Polymer erro ese [Sb,0, - Polymer ]* [5] 
A 
oat * = 
[Sb.,0, Polymer]* + R iagateas Shits OR + [R ] 


Mechanism [4] was based on studies involving the direct reaction of 
antimony metal with DBDPO in the absence of a hydrogen source. The data from 
these experiments clearly show that if the oxide is reduced to the metal, 


direct interation with DBDPO would occur, and that this is a specific and 


highly exothermic reaction. No direct evidence for the presence of metallic 
antimony was obtained in ternary mixtures, however. | 

Mechanism [5] was based on the results obtained from multi-step sequential 
pyrolysis experiments in an inert atmosphere. This mechanism [5] differs from 
one previously proposed, [3], in that it is surface catalytic in nature, and 
that the reaction between the oxide particle surface and the organohalogen is 
considered only as the first step, initiating the process leading to the 
formation of volatile antimony species. 

In an attempt to evaluate the effects on the combustion chemistry of the 
volatilized species, samples were burned in a cone calorimeter at the Center 
for Fire Research of the National Bureau of Standards (27). Prior to the work 
presented here, 28 burns were conducted at CFR generating over 100,000 experi- 
mental observations (24-26). However, attempts to obtain a complete and 
substantive analysis of these data based on theoretical formulations (such as 
rate of heat release relative to mass loss as a function of CO and co. 
production). were not successful. Subsequently, it was concluded that the 
existing cone calorimetry data set was not internally consistent as a result 
of the many modifications, which had been made in the experimental burning 
procedures. Nevertheless, the cone data qualitatively supported the 
observations, concerning the relevance of the solid state chemistry to the 
materials burning behavior, made from the small scale thermal degradation 
experiments (24-26). 

On the basis of the results obtained from these prior investigations into 
the solid state chemistry of polymer substrate/organohalogen/metal oxide 
systems (23-26), the emphasis of the work reported here was changed to include 
a much more detailed characterization of the specific reactions of the organo- 


halogen additive, itself, and also to extend the scope of the investigation. 


In order to study the reactions of the organohalogen additives directly, in 
the detail that was required, the use of capillary gas chromatographic 
analysis of the trapped, volatile, degradation products was utilized. In 
addition, new sets of samples were prepared for cone calorimetry combustion 
experiments in order to obtain a self-consistent set of data using the same 
burning procedure. These samples included new sets with two different grades 
of antimony oxide, a high density poly(ethylene) (HDPE) set, a poly(butylene 


terephthalate) (PBT) set and one containing decabromodiphenyl oxide alone. 


EXPERIMENTAL : 

The thermal analysis, tube furnace, cone calorimeter and other apparatus 
previously employed in this work, as well as the procedures for measuring the 
antimony volatilization have been Ggecrived in priorreports - (23-26) 77¥FGr rere 
collection of the volatile organics from the pyrolysis experiments, the use of 
various trap designs and a variety of solvents was investigated. For the 
majority of the capillary gas chromatographic analysis procedures, an Ace Glass 
Works glass microimpinger containing 20.0 ml of solvent (benzene, xylene or 
toluene) connected by a ball joint to the purge outlet of the pyrolysis 
apparatus was used. 

Capillary gas chromatographic analysis of the volatile degradation 
products were performed using a Perkin-Elmer Sigma 2000 capillary gas 
chromatograph. The column used was either a fused silica 0.25 micron, bonded 
methyl silicone (10 m, 0.25 mm I1.D.) or a 5% phenyl/95% methyl silicone (15 m, 
0.25 mm I.D.) bonded phase. The carrier gas was helium and the capillary 
column head pressure was maintained at 20 psi. The make-up gas for the pulsed 
electron capture detector (ECD) was 95% Ar/5% methane supplied at a flow rate 
of 60 ml/min. All of the injections were 1 microliter and the capillary 
column split ratio was nominally set at 200:1. Column and program times and 
temperatures were varied depending on the nature of the volatile products 
being analyzed. 

All of the capillary gas chromatographic organobromine degradation 
product assignments were based on the use of relative retention time 
standards. The relative retention times for the partially brominated 
degradation products were established either by the synthesis of the expected 


degradation products or by the use of selective debromination reactions. 


For the decabromodiphenyl oxide (DBDPO) pyrolysis reactions, two 
different procedures were used to synthesize the series of brominated diphenyl 
oxides and dibenzofurans employed as the relative retention time standards: 
AlBr/Br., in ethylene dibromide and Fe (metal) /Br., in tetrachloroethylene. 

The rate of the initial bromination steps in the former reaction was too 
rapid, and consequently, only the relative retention times for the higher 
degree cr bromination adducts could be identified fro: these reactions. The 
rate of the Fe (metal) /Br., reaction was found to be much slower, especially 
during the initial stages, and these reactions yielded a broader range of 
relative retention time reference peaks. 

In a typical bromination experiment 1.0 gm of diphenyl ether (or dibenzo- 


furan), 1.0 gm of Fe (metal) powder and 15 ml of Br. were added to approxi- 


2 
mately 250 ml of tetrachloroethylene. The mixture was gently heated with 
stirring for a period of up to two weeks. At intervals, approximately 20 ul 
of the reaction mixture was withdrawn, diluted to 3 ml with benzene and the 
resultant solution analyzed chromatographically. The assignment of degrees of 
bromination to specific retention times was based on following the progression 
of the very slow reaction, and the assumption that the longest observed 
retention times correspond to the fully brominated species. This assumption 
could be confirmed for the DBDPO but not absolutely for the octabromodibenzo- 
furan (OBDBF), since no pure OBDBF standard was available. 

An analogous series of dibenzodioxins relative retention time standards 
were prepared from dibenzodioxin (DBD) using Fe (metal) /Br., and the same 
procedure used to brominate the ether and the furan. The DBD itself was 
prepared by refluxing ortho-chlorophenol with NaOH. 


The relative retention times employed in the study of the hexabromocyclo- 


dodecane (HBCD) pyrolysis reactions were obtained by the use of selective 


chemical debromination. The HBCD was selectively debrominated using zinc 
(metal) powder in a refluxing ether solution. A small amount of acetic acid 
was also used as the catalyst. 

All of the organohalogen compounds studied were commercial products 
obtained from various manufacturers and used as received. Only ~he DBDPO was 
purified further by recrystallization for some of the chromatography and 
thermal analysis experiments. Samples of antimony trioxide and antimony 
pentoxide were also obtained from commercial sources. The ultrapure antimony 
trioxide, bismuth trioxide, bismuth metal, antimony metal, dibenzofuran and 
diphenyl ether were all obtained from Aldrich Chemicals. The poly(propylene) 
resin was 0.7 mfi, food grade from Novamont; the poly(ethylene) was unstabi- 
lized, high molecular weight, HDPE from American Hoechst; the poly(butylene 
terephthalate), molding grade resin from Celanese; and the poly(methyl meth- 
. acrylate), unstabilized molding resin from Rohm and Haas. The compounded 
samples used for the cone calorimetry experiments were prepared by Great Lakes 


Chemical Corporation and by Occidental Chemical. 


RESULTS AND DISCUSSION: 

At the conclusion of the initial phase of this work, it was determined 
that the techniques which had been utilized in the study of the solid state 
reactions would be inadequate to quantitatively evaluate the relative 
contributions of the different mechanisms for antimony volatilization which 
had been proposed (26). It was also determined that it was necessary to 
characterize and quantify the degradation products of the organohalogen 
compounds directly. Prior to this work, in the literature, capillary gas 
chromatography (CGC) had been used for the separation and quantification of a 
wide variety of polyhalogenated aromatics similar in structure to DBDPO (28, 
29). Previous work at Clemson had also indicated that it was feasible to trap 
the products of the pyrolysis experiments for subsequent chromatographic 
analysis (26). Therefore, the initial emphasis of the work reported here was 
placed on the development of a suitable trap and CGC analysis procedure for 
- DBDPO and its degradation products. 

The pyrolysis at 390°C under nitrogen in the TGA of DBDPO, DBDPO with 


antimony metal and the PP/DBDPO/Sb.0 ternary mixture were used to develop the 


3 
general analytical protocol for the analysis of the organohalogen degradation 
products by CGC. The trap solvents evaluated were benzene, toluene and mixed 
xylenes. Previous experiments with the microimpinger traps utilized had 
indicated that the trapping efficiency exceeded 90% for HBr in water and 
would be better than 95% for less volatile species in organic solvents at 
room temperature. After the initial experiments were completed, either 
benzene or toluene (depending on the nature of the polymer substrate present 
in the mixture to be pyrolyzed) was used as the trap solvent. 


The general protocol for an experiment involved pyrolysis at 390°C, 


trapping of the volatiles in a microimpinger, allowing the TGA furnace tube to 


10 


cool in the inert gas purge and backwashing the furnace tube and connecting 
joint with trap solvent. A 20 ul aliquot of the trap solution was then 
diluted to 3.0 ml, and 1 ul of the diluted trap solution analyzed by CGC. 
The CGC instrumental settings employed were analysis specific. Typical 
instrumental settings employed for the study of DBDPO degradation reactions 


are summarized in Table I. 


TABLE I. CGC Instrumental Settings for the Volatile Product Analysis of 
Samples Containing DBDPO 


Injector Temperature 350°C 
Detector Temperature 380°C 

Initial Oven 1 min @ 160°C 
Ramp 4°C/min 

Final Oven 5 Minw@ .20026 


While it was anticipated that the organohalogen degradation product 
assignments from the CGC data would be confirmed by GC/MS, the tentative 
reaction product identifications were made on the basis of relative retention 
times. Since no commercial standards were available at the start of this 
investigation, it was necessary to synthesize the partially brominated 
compounds of interest. Two different synthesis procedures were used to 
produce the series of partially brominated diphenyl ethers, dibenzofurans and 
dibenzodioxins, which were used to establish the CGC relative retention times. 

The first bromination procedure employed AlBr,/Br., as the bromination 


reagent in ethylene dibromide. This reaction proved to be too rapid in order 


to obtain the desired series of partially brominated species. The second 


procedure employed Fe(metal)/Br. in tetrachloroethylene and was considerably 


* 
slower, especially during the initial stages. In a typical bromination 
experiment, the reaction was carried out over a period of several days. The 
reaction mixture would be sampled at intervals by withdrawing =20 pl of the 
reaction mixture. Each sample was diluted to 3.0 ml with benzene and then 
analyzed chromatographically. The assignment of degrees of bromination to 
specific retention times was based on following the progression of the 
reaction and assuming that the longest observed retention times correspond to 
the fully brominated species. One of the dipehnyl oxide experiments is 
illustrated by the chromatograms presented in Figures 1, 2 and 3. The 


retention times obtained using the instrumental settings given in Table I and 


the assignments from the bromination reaction data are summarized in Table II. 


TABLE II. Summary of the Retention Times for the Relative Retention Time 
Standards, 10m Methyl Silicone Column 


Retention Time (min) 


Br # DPO* DBF* 
4 9.3 1375 
5 Tore 1355 Litt, ise4 
6 16.2,917.6 Zan owe aey 
7 eee 3.0 28.4 
8 Zar sees. 3, 25,7 BanT 
26.1, 26.4, 26.6 
9 0 mie Oe Se .33 44 
10 25 4 


“Brominated Diphenyl Oxides. 


waroninared Dibenzofurans. 
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The retention times for the degrees of bromination for the cyclododecanes 
were determined empirically by the use of the selective aseseninae ton of HBCD 
with zinc powder and a small amount of acetic acid as the catalyst. Additional 
experiments were carried out with other organohalogens, but the data obtained 
was not sufficiently unambiguous for use in degradation studies. 

During the development of the analytical protocol it was observed that 
the CGC analysis of the volatile reaction products yields much more direct 
information concerning the extent and nature of the reactions which occur on 
pyrolysis than the techniques which had previously been utilized in this work. 
Therefore, in many cases it was found to be necessary to study the pure 
components and binary mixtures by CGC before applying this analysis technique 
to the study of the ternary mixtures of interest. 

This observation was best illustrated by the reinvestigation of the 
pyrolysis reactions of hexabromocyclododecane (HBCD). HBCD is prepared by the 
bromination of cyclododecatriene and contains bromines at the 1, 2, 5, 6, 9, 
and 10 positions on the aliphatic ring. In the study of the pyrolysis of HBCD 
using bromine ion selective electrodes, it was found that an average of three 
bromines per molecules was lost on heating above the decomposition temperature 
(23). These data, and the organic literature, suggested that one product of 
this elimination reaction should be a cyclododecatriene ring containing three 
vinyllic bromines which would be relatively difficult to remove, if the 
proposed elimination mechanism was correct. When this same reaction was 
analyzed by the use of CGC, it was found that the pyrolysis of HBCD by itself 
at 240°C yields a variety of products with different degrees of bromination 
(13% Br6é, 7%-BrS;7r 17% Br4,°031%) Br3i 19% Br2 ‘and ?2% Bri) tandsnoteprimar. 
the proposed triene. Of these different products the triene was found to be 


the principal product and the average loss of bromine was in fact observed to 


13 


be 3. However, clearly a large percentage of the debromination did not occur 
by the proposed concerted elimination (23). 

Under similar scrutiny by CGC, the previously observed stability of DBDPO 
during pyrolysis at 390°C in an inert atmosphere in the TGA was reconfirmed. 
In this case, 98% DBDPO recovered after pyrolysis, and the only reaction of 
note appeared to be the degradation of the nonabromodiphenyl oxide which had 
been identified as an impurity in the DBDPO sample. 

The first reaction mixture studied using the CGC analysis of the volatile 
products was the DBDPO/Sb(metal) mixture pyrolyzed at 390°C in the TGA. The 
reaction between DBDPO and Sb(metal) had previously been shown to lead to 
antimony volatilization directly (26), and it had been hypothesized that this 
reaction appeared to yield one principal product. In addition, this reaction 
[4] was considered to be a potentially important route for antimony 
volatilization from ternary polymer containing mixtures. For this reaction, 
98% of the observed CGC peaks could be assigned by their relative retention 
times. Of the total peak areas, =58% was found to be DBDPO, =33% the furan 


(OBDBF) corresponding to the loss of Br. and the remaining 8% assigned to 


2 
subsequent degradation of the furan and the nonabromo-ether. These results 
were considered consistent with the previous work and support the hypothesis 
that the volatile products probably result from a specific reaction between 
Sb(metal) and DBDPO (26). 

The direct reaction of DBDPO with two other metals was also investigated. 
Binary mixtures of powdered zinc or powdered bismuth with DBDPO were pyrolyzed 
in the TGA at 390°C. In both cases, the reactions appear to yield the same 
primary volatile product, the OBDBF. Under these conditions the reactivity of 


the metal towards the DBDPO observed was Zn (=41% brominated furans [BF]) > Sb 


(=38% [BF]) > Bi (=9% [BF]). The observed difference in relative reactivities 


of Sb° and Bi? is somewhat greater than would be expected, based upon the 
thermodynamics for the formation of the respective halides. However, since 
the melting point of bismuth is only 271°C, it is possible that the melting of 
the bismuth significantly reduces the surface area available for reaction with 
DBDPO, and under static (without a purge gas flow over the sample) conditions 
more complete reaction might be observed. 

The results of the Zn° experiments were considered to be potentially very 
significant from a mechanistic perspective. Zinc is commonly employed in the 
debromination of alpha-beta dibrominated compounds as a means of selectively 
introducing double bonds at specific locations. At the appropriate step in 
the reaction sequence, the debromination with Zn° is effected and the double 
bond regenerated. Another reaction in which Zn° has been employed is the 
Wurtz-Fittig reaction. This reaction has been used in the synthesis of mixed 
. alkyl-aryls and symmetrical alkyls from organohalides. While the mechanisms 
of both reactions are not well understood, one interesting proposal for the 
Wurtz-Fittig (30) reaction as it might apply to the reaction between Zn° and 


DBDPO is presented below as Scheme [6]. 


Colps 3 Br, hae 7A 4) into 24 vias Br, OG Yo} Br, 
Br Bropor 
0 A 0 
foY To} Br, —_———__—_» Br, Br, + énBr.. 
Br-ABr 
Zn 


Conceivably, the reaction of Sb° with DBDPO might follow a similar pathway. 


[6] 


Utilizing CGC analysis of the volatile products, the interaction of DBDPO 


with Sb.0, alone under a variety of conditions, was also reinvestigated. It 


had previously been observed that the rate of DBDPO volatilization at 390°C 


decreased slightly in the presence of Sb 04, even though no significant 
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interaction had been otherwise noted (23). The experiments performed using 
antimony oxide samples which had been preheated to 390°C for various time 
periods resulted in =95% recovery of unreacted DBDPO. This value is 
experimentally identical to that obtained for pure DBDPO alone. However, 


experiments performed using Sb which had not been predried resulted in as 


er 
little as =80% recovery of the DBDPO. That the apparent reactivity of the 
oxide can be reduced by preheating suggests that the presence of either an 
active surface or bound water. In similar experiments with chromatographic 
grade aluminum oxide, =93% recovery of unreacted DBDPO was obtained. 

The simple mixture of DBDPO with PP was also reinvestigated using the CGC 
analysis of the volatile products. When the extent of reaction of DBDPO with 
PP was previously studied by measuring the formation of HBr using a bromide 
ion selective electrode, the conclusion was reached that little interaction 
occurred among the two at 390°C (23-25). When this same pyrolysis reaction 
_ was reevaluated using the CGC analysis, the conclusion reached was quite 
different as illustrated by the data summarized in Table III. The CGC 
analysis data indicated that extensive interaction had occurred and that 
undegraded DBDPO only accounted for =64% of the volatile product peak areas as 
compared to the =94% recovered when DBDPO was pyrolyzed alone under these same 
conditions. However, these two sets of data are not completely inconsistent, 
since the CGC data imply an average loss of only one bromine per DBDPO 
molecule and the chromatograms also suggest that most of the bromine remains 
organohalogen in nature. While the majority of the brominated compounds 
formed have not been identified, their retention times and distribution 
pattern would suggest that they may be brominated alkyl fragments. One 


possible mechanism for the formation of these brominated alkyls could be chain 


transfer as shown in Scheme [7]. 


H H H H 
| 1A | | 1 

R- C- C - R —— sR - Ce OG tae hk 
| | | 
CH, H CHa [7] 
H :¢) H @) 

af | A | 

co e = ae + 
R i + Br. Br. R i By Br, Br. 

H H 


This reaction scheme could account for the formation of the brominated 
alkyl feaenoate and the disappearance of the DBDPO which are observed to 
occur. Evidence that the reaction involves alkyl radicals and not hydrogen 
radicals includes the small quantity of HBr (as compared to the extent of the 
DBDPO reaction observed) measured by the ion selective electrodue (23-25), and 
the small quantity of brominated simple aromatics formed. 

While PE and PP decompose by similar random chain scission, radical 
mechanisms, chain transfer occurs much more readily during the pyrolysis of PP 
because of the presence of the tertiary hydrogens. In addition, at least some 
of the chain scission which occurs leads to the formation of the somewhat more 
stable tertiary (as compared to all primary in the case of very linear PE) 
chain end radicals. Therefore, a comparison of the PE/DBDPO mixtures could be 
used to provide some insight into the importance of reactions such as those 
proposed in [7]. 

In comparing the CGC data from PE/DBDPO mixtures summarized in Table IV 
to that obtained from PP/DBDPO mixtures it was found that the extent of 
reaction was much greater for the PE/DBDPO samples (only =8% of the total peak 
area was undegraded DBDPO). In addition, the peak area fraction for the 
nona-ether was twice that of the PP/DBDPO, the furans ten times, and the 
fraction of unassigned peaks much greater (=20% vs. =4%). All of these 


results were considered consistent with the hypothesis that one of the 
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principal degradation pathways of DBDPO involves a mechanism similar to [7] 
and not reactions involving halogen radical attack such as [2]. 

Several series of ternary mixtures containing DBDPO with PP and a variety 
of metals, metal oxides and other eave components have been pyrolyzed in the 
TGA at 390°C and their volatile products analyzed by GCG. The CGC data from 
these experiments were found to fall into three distinct categories with 
respect to the observed extent of reaction. In the first class, Class I, the 
extent of reaction was found to be not significantly greater than that 
measured for the PP/DBDPO mixture alone. The data for the Class I components 
(iron (metal), 100 mesh-size glass beads and chromatographic grade aluminum 
oxide) are summarized and compared to that of the PP/DBDPO data in Table V. 

As illustrated by the data in Table V, in this class, =50% of the total 
volatile peak area corresponded to undegraded DBDPO and the principal 
degradation product was found to be the nonabromo ether (=33%). Of these 
-results, only the Fe (metal) data was surprising since it implied that Fe° was 
acting oniy as an inert filler and not forming significant quantities of iron 
halides. 

The second class, Class II, was represented by zinc (metal) and 
molybdenum (III) oxide. These data are summarized and compared to the results 
for PP/DBDPO in Table VI. As shown by the data in Table VI, only =20% of the 
total product peak area was accounted for by the undegraded DBDPO in this 
class. In addition, =20% of the product peak area was assigned to furan 
formation as compared to =10% for Class I. 

The third class, Class III, contained those mixtures exhibiting the 
greatest extent of reaction. Included in this class were Sb,0O Sb (metal), 


hs 


Bi (metal), bismuth trioxide (Bi ) and antimony trisulfide (Sb.S,)-. These 


ie 
data are summarized and compared to those from PP/DBDPO in Table VII. In 


these ternary mixture experiments, unreacted DBDPO sohearens for =4% of the 
total volatile peak product areas. The most significant characteristic of 
these data, as compared to that from Class I and II, was the overall increase 
in component peak areas observed for thie lower degree of bromination furans (4 
to 6 bromines accounting for 12-20% as compared to =2% for Class I anda 
maximum of 14% for Class II) and ethers (6 and 7 bromines accounting for 

7-29% as compared to =1% for Class I and a maximum of 4% for Class II). In 
addition, for the Class III components, at least 40% and as much as 60% of the 
peak areas could not be assigned to known relative retention times. In 
comparing the results obtained within this class, the greatest overall extent 
of DBDPO reaction was observed for the mixture containing PP/DBDPO/Bi (metal). 
Also, somewhat surprisingly, there was essentially no difference observed in 
the extent of reaction of DBDPO/PP/Sb.0., and DBDPO/PP/Sb.S., mixtures. 

Several additional experiments pertinent to the interpretation of the 
ternary mix data were carried out. One of these experiments compared the CGC 
volatile product distributions, the time to 50% weight loss (isothermal TGA) 
and the temperature at 50% weight loss (dynamic TGA) for mixtures of HBCD with 


Of these mixtures, as shown by the 


Sb (metal), Sb O,, glass beads and SbBr 


2 a 
data in Tables VIII and IX, the HBCD/SbBr , was the most reactive mixture as 
evidenced by the shortest time to 50% weight loss and the greatest extent of 
reaction based on the total CGC area counts. In a second experiment, Bi,0, 
was pyrolyzed at 280°C with HBCD. It was assumed that one of the products 
formed under these conditions would be BiBr., via the direct reaction with the 
Bi,0, of the HBr formed from the decomposing HBCD. Both the TGA weight loss 
and residue data were consistent with the formation of a significant quantity 
of BiBr., under the conditions employed. The BiBr, formed "in-situ" was then 
subsequently pyrolyzed at 390°C with a mixture of PP/DBDPO. This ternary 
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mixture was found to yield the most complete extent of reaction data for any 
system which had been studied. Only 0.3% of the total volatile product peak 
area was found to be undegraded DBDPO. 

The results obtained from the HBCD mixture experiments were interpreted 
in terms of the catalytic effect of the strong Lewis acid SbBr. on the 


5 


degradation of the HBCD by the loss of halogen. Similarly, since BiBr, is 
significantly less volatile than SbBr, (bp. 441°C vs. 288°C), in the ternary 


mix reactions at 390°C, the BiBr would be expected to remain in the reaction 


3 


mixture for longer periods of time than the SbBr Consequently, it would 


3° 


appear to be a more effective catalyst than SbBr. under these experimental 


3 
conditions and, therefore, yield a higher extent of reaction. 

From the results of the small scale thermal analysis experiments 
previously reported (23-26), it was concluded that the antimony volatilization 
and bromide release observed for ternary mixtures containing organobromine 
-compounds, which did not undergo intermolecular dehydrohalogenation, could not 
be accounted for on the basis of HBr formation during degradation. From the 
CGC analysis of the thermally initiated reactions of HDPE and PP with DBDPO 
and a variety of other components reported here, it has been shown that attack 
of polymer chain radicals on the DBDPO is the most probable first mechanistic 
step in the ternary mixture pyrolytic degradation of DBDPO. 

Experiments with antimony metal and DBDPO clearly demonstrated for the 
first time that antimony volatilization was possible in the complete absence 
of any source of hydrogen at polymer pyrolysis temperatures. On the basis of 
the results obtained from additional experiments with other metals it was 
concluded that in the presence of any active metal such as Sb° or Bi®° or Zn° 
direct attack on the DBDPO would readily occur. However, all attempts to 


directly measure the extent of Sb° formation from Sb0, during polymer 


degradation were unsuccessful. 
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From the small scale degradation data presented, it was concluded that 
the extent of DBDPO reaction in the ternary mixtures studied, which was 
measured by CGC analysis, was greater than could be accounted for on the basis 
of the reactivity of the individual components initially present. These data, 
therefore, suggested that a reaction intermediate or product was formed during 
the degradation of the ternary mixtures which was either: (a) more reactive 
towards DBDPO itself or (b) a powerful catalyst for the subsequent 
dehalogenation of the DBDPO. 

Cone Calorimetry: 

The objective of this phase of the work was to evaluate the use of the 
cone calorimeter for the investigation of the effects of the solid state 
interactions in the polymer compositions, which had previously been studied by 
thermal analysis, on their combustion behavior. The formation of intermediate 
. flame retardant decomposition products, the role of the polymer substrates in 
the generation of volatile antimony compounds, and the observed effects on the 
measured combustion parameters for the same flame retardant system in 


different polymer substrtes were of particular interest. 
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The formulations burned in the cone calorimeter are summarized in Table X. 


The 15 kW/m? combustion data for the three series of PP and PMMA samples are 
summarized in Table XI, and the HDPE data are summarized in Table XII. The 
general sample to sample agreement for the PP and PMMA data was excellent with 
a relative uncertainty in the heat of combustion measurements of less than 
+5%. The uncertainty in the carbon monoxide and carbon dioxide data appear to 
be +10%. Based on these results, similar confidence limits were applied to 
the HDPE burn data. 

In order to evaluate the relative flame retardant efficiencies in these 


different polymer systems, the heat release data were analyzed by linear 


regression and these results are summarized in Table XIII. The analysis 
suggests that under these conditions, a linear relationship exists between the 
organobromine/antimony oxide additive loading level (at if up to a 15% 
loading) and the measured heat release. These results are consistent with 
those of Yeh (31, 32), who studied thin films and fabric samples containing 
DBDPO/antimony oxide, and Drews (33) who studied a variety of 
organohalogen/antimony oxide loaded PP films, using isoperibol calorimeters. 

An additional factor which must be considered in the comparative analysis 
of the cone heat release data from different polymer substrates is the inert 
filler effect of the antimony oxide (AH omb = 0) and to a lessor extent that 
of the organobromine compound. To a first approximation, since the 
organobromine compounds will not sustain combustion on their own under these 
experimental conditions, both the antimony oxide and organobromine compounds 
can be considered as inert fillers. These corrected heat release data are 
also summarized in Table XIII. Even though the additives represent a 
stoichiometry of 3:1 Br to Sb atoms, and the principal flame retarding species 
were assumed to be the same volatile antimony halides, significant differences 
in their efficiencies were observed. This effect was found to be more 
pronounced in PP, where the corrected slopes were found to decrease in the 
order DBDPO (-.428) > TBBPA (-.267) > HBCD (-.097) mJ/kg/% additive, than in 
PMMA where all of the slopes were in the range of (-.130) to (-.254) mJ/kg/% 
additive. However, for both polymers, the highest corrected efficiency was 
observed for that organobromine additive which most closely matched the 
thermal stability of the polymer substrate, TBBPA in PMMA and DBDPO in PP (34, 
35) 

Linear regression analysis was also carried out on CO, CO. and 


hydrocarbon (HC) data for the DBDPO system in the three polymer polymer 
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substrates. With the single exception of the PP HC data (R = +.844), a strong 
linear correlation (R > +0.95) was observed. It was also noted that CO 
formation was found to increase at a much slower rate (at least 5X less) than 
CO. formation decreased. These results suggest that there may be no direct 


2 


correlation between CO and CO. concentrations and the mode of flame inhibition 


which occurs in the vapor phase. 

In an attempt to qualitatively compare the relative contributions of the 
inert filler effect, the increase in CO formation and the decrease in co. 
formation to the observed reduction in heat release, a simple energy balance 
calculation was performed for the DBDPO system at 15% loading level in the 
three polymer systems. In this calculation the inert filler effect was 


assumed to be equal to [0.15 x (AH 0% additive)] and the calculated 


comb’ 


decrease in heat release due to the decrease in CO, corrected by the measured 


2 
increase in CO formation (using a value of 9.94 mJ/kg for each kg of CO not 
converted to cO.). Using a value of 8.94 mJ/kg for the heat of formation of 


CO it was found that for all three polymers the inert filler effect 


2" 
accounted for =50% of the measured net heat reduction, the decrease in cO., 
formation =40% and the increase in CO formation =10%. 

Additional burning experiments were carried out at an irradiance level of 
30 kW/m* in order to evaluate the effect of heat flux on the measured 


combustion parameters of interest; CO. and CO formation, unburned hydrocarbons 


2 
(HC) and the flame retardant efficiency as indicated by the heat release. The 
principal cone calorimeter data for PMMA, PP and HDPE at 15 and 30 kW/m* 
irradiance are compared in Tables XIV and XVI, respectively. All of the 
sample series exhibited the same general trends as a function of irradiance 


level. Compared to the results at 15 KN/m=, for all the additive loading 


levels at 30 kW/m, the overall combustion efficiency, as measured by the heat 
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release (lower at 30 kW), HC (higher at 30 kW) and CO. (lower at 30 kW) data, 


2 
decreased. However, very little effect of heat flux was observed on the CO 
formation data. Somewhat surprisingly, as demonstrated by the comparative 
heat release linear regression data presented in Table XVII, the effect of 
heat flux on the relative efficiencies was significantly greater for the PMMA 
series samples than for the PP or HDPE samples. These results clearly 
indicate that the additives studied here do exert a significant inhibiting 


effect on the flame chemistry, even in the presence of relatively high 


external heat fluxes. 
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SUMMARY : 

From the thermal analysis and CGC analysis data which have been obtained 
during the course of this investigation the following observations concerning 
the solid state reactions which lead to the formation of volatile metal 
species can be made: 


1. For PP and HDPE, the initial primary degradation reaction involves 
attack of a polymer chain radical on the organohalogen as proposed in 
scheme [7]. 


2. If active metals are present, such as antimony and bismuth, the 
direct attack on DBDPO as proposed in scheme [6] occurs readily yielding 
the octabromodibenzofuran as the principal reaction product. 


3. In comparing the extent of reaction, as determined by CGC analysis, 
which occurs in mixtures of DBDPO with PP or HDPE, HDPE which generates 
the more reactive chain radicals degrades the DBDPO most extensively. 


4. The extent of reaction which has been observed by CGC analysis for 
some ternary mixtures (Class III) is significantly greater than can be 
accounted for on the basis of chain radical attack alone. These results 
suggest the formation of a species during the initial stages of the 
pyrolysis which is either more reactive towards DBDPO than any of the 
original components of the mixture or is a powerful catalyst for the 
dehalogenation of the DBDPO. 
5. The data obtained with HBCD/SbBr. as well as that from the "in situ" 
formation of BiBr. and subsequent Bibr /DBDPO/PP degradation suggest that 
these metal halides, which are strong Lewal acids, could act as the 
proposed reactive species or catalyst present in the ternary mixtures. 
The combustion data presented here represent the first systematic 
investigation of flame retardant systems employing the cone calorimeter and 
clearly demonstrate that the cone calorimeter can be a powerful tool in the 
study of flame retardant system activity as well as for measuring the relative 
efficiencies of different additives in the same polymer substrate. Froma 


mechanistic and thermal analysis perspective the most important features of 


the cone experiment data are considered to be: 
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1. The heat release data appear to be a linear function of the additive 
loading level under the combustion conditions employed in these 
experiments. This result implies a one to one correspondence between the 
additive components and the observed decrease in heat release and is 
consistent with other data in the literature. 


2. Even though all of the additive formulations represented a 
stoichiometry of 3:1 Br to Sb atoms, and the principal flame inhibiting 
species is assumed to be the same, SbBr., there appears to be a 
measurable differences in their actual efficiencies as determined by the 
slope of the total heat release vs. additive, % data. 


3. Overall, the effects of the additives studied appeared to be greatest 
in PP and least in PMMA. These results imply that antimony/halogen 
systems are not completely substrate independent as has often been 
suggested in the literature. In addition, these data exhibit a substrate 
dependence which is not easy to explain on the basis of only vapor phase 
inhibition chemistry. 
4. Based on a simple heat balance calculation, it was demonstrated that 
the inert filler effect and the measured decrease in carbon dioxide 
formation could account for =90% of the observed decrease in heat release 
for samples containing DBDPO at the 15% loading level. 
5. Experiments at 15 and 30 kW/m? irradiance were carried out to 
investigate the effects of heat flux on the measured combustion 
parameters. These results clearly indicated that the additives exerted a 
Significant effect on the flame chemistry, even in the presence of 
relatively high heat fluxes. In all cases, the total heat release, the 
CO. formation and the unburned hydrocarbon dgta showed the ovgrall 
combustion efficiency to be lower at 30 kW/m” than at 15 kW/m’. 
Publication of the data from this systematic investigation will make 
available new basic information in several important areas including the 
importance of the polymer substrate in the overall degradation chemistry of 
polymer/organohalogen/metal oxide systems and the volatile decomposition 
product analysis of aromatic organobromine flame retardants from pyrolysis and 
combustion. In addition, the cone calorimetric data generated in this work 
should allow for a more realistic assessment of various fire safety parameters 
related to the formation of incomplete combustion products for these flame 


retardant systems, as well as lead to a more basic understanding of the 


characteristics necessary for the more efficient flame retardation of 


thermoplastics. 


ye 
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Dissemination of Results: 

Because of the potentially controversial nature of some of the thermal 
analysis degradation experiments and the absence of positive confirmation of 
the identity of some of the proposed reaction products, very little of this 
work was formally published during the grant period. As noted in the attached 
ADDENDUM, much of what was hypothesized has now been confirmed by CGC/mass 
spectrometry studies. Consequently, it is anticipated that several 
publications based on this work will be forthcoming in the near future. 
Presentations and Publications: 


1. "A Thermal Analysis and Calorimetric Investigation of Antimony 
Oxide/Organohalogen Flame Retardant Systems," Great Lakes Chemical Corp., 
West Lafayette, Ind., July 1985. 


2. "Degradation and Combustion Products in the Presence of Antimony 
Trioxides," M. J. Drews, C. W. Jarvis, G. C. Lickfield, J. Resce, and T. 
L. Gilstrap, Preprints of Papers, FRCA Technical Conference, October 
1986, .Kiawah. Island, S.C., 133, (1986)... 


3. "Ternary Degradation Products," M. J. Drews, C. W. Jarvis, G. C. 
Lickfield, and K. M. McCoy, presented at the 1986 CFR Research 
Conference, NBS, Gaithersburg, Md., November 3-6, 1986. 


4. "A Cone Calorimetric Investigation of the Burning Behavior of 
Organobromine/Antimony Oxide Flame Retarded Thermoplastics," M. J. Drews 
and C. W. Jarvis, Abstracts of Papers, Twentieth Fall Technical Meeting 
of the Eastern Section: The Combustion Institute, November 1987, 
Gaithersburg, Md., 62-1 (1987). 


5. "A GC/MS Study of Polymer Substrate Effects on the Degradation of 
Decabromodiphenyl Oxide During Pyrolysis," M. J. Drews, C. W. Jarvis and 
G. C. Lickfield, to be presented at the Polymer Flammability Symposium 
during the Spring 1989 American Chemical Society Meeting, April 9-14, 
1989, Dallas, Texas. 


10. 


se 


12, 


13. 


14. 
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TABLE III. Summary of the Volatile Product GC Analysis for the DBDPO/PP 


Mixture Pyrolyzed at 390°C in the TGA 


Br # pepo? 
3 — 
4 ie 
5 Seas 
6 Ove? 
7 0.4 
8 25S 
s) 23386 

10 64.3 


dpromneted Diphenyl Oxides 


oRroningtad Dibenzofurans. 
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TABLE IV. 


Summary of the Volatile Product CGC Analysis for the DBDPO/PE 


Mixture Pyrolyzed at 390°C in the TGA 


Bromine # 


10 


Peak Area, % 


Diphenyl Oxides Dibenzofurans 
aie 0.8 
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TABLE V. Summary of the Volatile Product CGC Analysis for the Class I Extent 
of Reaction Ternary Mixtures at 390°C 


Component Peak Areas, % 


Mixtures ppo' +? ppo!?) ppo!}? ppo!?) ppr!?? ppF‘?? 
PP/DBDPO/Fe°? 56.4 30.6 nai ane Bak O25 
PP/DBDPO/Glass Beads 49.6 35.8 ot av 8.4 Ov2 
PP/DBDPO/AL,0 49.5 36.2 yt A 9.8 (isa! 
PP/DBDPO 64.3 26.5 0.6 ait cs ee 0.3 


(1) 


Brominated diphenyl oxides. 


(2) 


Brominated dibenzofurans. 
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TABLE VI. Summary of the Volatile Product CGC Analysis for the Class II 
Extent of Reaction Ternary Mixtures at 390°C 


Component Peak Areas, % 


( 

Mixtures ppo'? ppo!?) ppo'+? ppo'*? par?) ppF!? 
PP/DBDPO/Zn° 26.4 43.6 Ta Ute T2535 he] 
PP/DBDPO/MoO., Lone 36.4 4.2 O.7 8.6 ony 
PP/DBDPO 64.3 PM eas, 0.6 Od = Ie3s, O28 


(1) 
(2) 


Brominated diphenyl oxides. 


Brominated dibenzofurans. 
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TABLE VII. Summary of the Volatile Product CGC Analysis for the Class III 
Extent of Reaction Ternary Mixtures at 390°C 


Component Peak Areas, % 


Mixtures ppo't) = ppoft? = ppoft)? — ppol) —pprl?) ppp?) 
PP/DBDPO/Sb,0, sts 29.3 8.0 124 9.0 22.4 
PP/DBDPO/Bi,0, 1:4 8.7 9.2 785 2.9 16.3 
PP/DBDPO/Sb° 2.0 16.7 28.8 0.1 9.3 T2e2 
PP/DBDPO/Bi° 0.8 4.4 1123 8.0 2.8 2227 
PP/DBDPO/Sb,S, 3° 2m 19.0 6.7 5.7 4.2 18.2 
PP/DBDPO 64.3 26.5 0.6 0.1 5.3 0.3 


(1) 


Brominated diphenyl oxides. 


(2) 


Brominated dibenzofurans. 


Table VIII Summary of the Time to 50% Weight Loss Data for the HBCD Mixtures 
Pyrolyzed Isothermally in the TGA at 240°C 


Sample Time to 50% Weight Loss, min. 
HBCD 115 
HBCD / Sb®° 2.6 
HBCD / Sb703 6.8 
HBCD / SbBr3 23 


HBCD / Glass Beads 11.4 


Table IX Summary of the Volatile Product CGC Analysis for the HBCD Mixtures 
Pyrolyzed Isothermally in the TGA at 240°C 


Mixture Peak Area, % 


Bromine # Neat Sb° Sb703 SbBr3 
1 2.3 ba oe =. 
4 19.3 21.8 43 28.4 
3 31.1 15.2 9.7 oe 
4 17.3 51.4 36.8 18.6 
5 Fl pe. 22 aes 
6 127 11.8 46.9 wee 

Counts(1) 4.5 0.3 0.4 0.1 


(1) Total integrator counts for the entire chromatogram multiplied by (10-5). 
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Glass Beads 


Table X Sample Formulations for Cone Calorimeter Burn Experiments 


Polymer Organobromine, PHR(!) S$b703, PHR(!) Load, % 
PMMA — _— 0 
HBCD / 3.58 1.68 5 
HBCD / 7.67 3.44 10 
HBCD / 12.12 Soo i 
TBBPA / 3.89 1.53 ) 
TBBPA / 8.22 2.89 10 
TBBPA / 12.94 4.71 15 
DBDPO / 3.47 1.79 5 
DBDPO / 7.33 3.78 10 
DBDPO / 11.76 5.88 15 
PP ---- — 0 
HBCD / 3.58 1.68 5 
HBCD / 7.67 3.44 10 
HBCD / 12.12 Be55 15 
TBBPA / 3.89 ; 1.53 5 
TBBPA / 8.22 2.89 10 
TBBPA / 12.94 4.71 15 
DBDPO / 3.47 1.79 5 
DBDPO / 7.33 3.78 10 
DBDPO / 11.76 5.88 ry 
HDPE ---- _— 0 
DBDPO / 3.47 1.79 5 
DBDPO / 7.33 3.78 10 
DBDPO / 11.76 5.88 TB 


(1)Parts per hundred of resin (polymer). 
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Table XVII Comparison of Least Squares Linear Regression Analysis of Cone Calorimeter 
Total Heat Release Data at 15 and 30 kW/m2 


Sample Series lrradiance Level Heomb, 0% additive mJ/kg/additive 
(kW/m2) (y-intercept), mJ/kg % (slope) 
PMMA-HBCD-Sb303 15 21.4001) -0.352 
30 20.55 -0.270 
PMMA-TBBPA-Sb703 15 24.04 -0.476 
30 21.11 -0.301 
PMMA-DBDPO-Sb703 15 22.39 -0.410 
30 21.48 -0.375 
PP-HBCD-Sb703 15 36.65(2) -0.482 
30 35.34 -0.421 
PP-TBBPA-Sb703 15 38.22 -0.652 
30 36.74 -0.563 
PP-DBDPO-Sb703 15 38.46 -0.813 
30 35.55 -0.726 
HDPE-DBDPO-Sb703(3) 15 38.72(4) 0.608 
30 36.74 -0.530 


(1) PMMA measured value, average of two determinations, 22.18 mJ/kg. 
(2) PP measured value, average of two determinations, 38.52 mJ/kg. 

(3) UF-grade antimony oxide. 

(4) HDPE measured value, one sample, 39.53 mJ/kg. 
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ADDENDUM 


Since the end of the formal grant period, a variety of experiments pertinent to the interpretation of the 
data presented in this report have been performed. The most significant of these involve a series of 
CGC/MS experiments designed to confirm the assignments of the relative retention times for the partially 
brominated diphenyl! oxides, dibenzofurans and dibenzodioxins. The instrumentation employed for the 
majority of these experiments was a Hewlett-Packard 5890-A capillary gas chromatograph interfaced directly 
to a HP-5970B Mass Selective Detector (MSD). All of the data acquisition and analysis were done using a 
HP-59970C Chemstation and software. A limited number of additional experiments have been carried out 
using a HP-5988-A GC/MS system. The column used was a HP, 25m, methyl/5% phenyl silicone bonded 
phase, 0.50 mm ID fused silica with a film thickness of 0.33 um. The chromatographic conditions 
employed were similar to those used for the CGC analysis using the Perkin-Elmer capillary gas 
chromatograph. 


A new set of partially brominated diphenyl oxides and dibenzodioxins was synthesized using the Fe®/ 
Br> procedure. The course of these reactions was followed by both CGC and CGC/MS. Asa result, it was 
possible to simultaneously confirm the previous relative retention time peak assignments as well as to 
correlate the retention times between the two instruments. The comparative retention time data obtained 


from these experiments is summarized in Table IA. 


Upon completion of the individual reactions, a cocktail containing both partially brominated furans and 
diphenyl ethers was mixed. A typical CGC chromatogram and a CGC/MS total ion chromatogram for this 
cocktail are shown in Figures 1A and 2A, respectively. An ion chromatogram (40-600 amu.) extracted 
from the CGC/MS data over the retention time range of 20-35 min is shown in Figure 3A. When the ion 
chromatograms corresponding to the parent ions for the penta-substituted oxide (566, 564) [565-567] and 
dibenzofuran (562, 564) [561-563] are extracted over this same retention time range the chromatograms 
shown in Figures 4A and 5A are obtained. By comparing these three chromatograms it can easily be shown 
that the peaks at 26.7 and 27.6 min are penta-substituted oxides and the peak at 33.8 min a penta- 
substituted dibenzofuran. 


These retention time peak assignments are further confirmed by the mass spectra for these peaks as 
shown in Figures 6A and 7A. The mass spectrum for scan 939 (retention time = 27.6 min) shown in 
Figure 6A shows the expected five-substituted oxide isotope parent pattern with the "doublet" at 564 and 
566 amu. In addition, as is characteristic of the brominated oxides, the base peak in the spectrum 
corresponds to the parent minus Bro yeilding the three-substituted isotope pattern with its "doublet" at 404 


48 


A-2 


and 406 amu. In contrast to this fragmentation pattern, the mass spectrum for scan 1173 (retention time = 
33.8 min) shown in Figure 7A has the five-substituted dibenzofuran parent pattern "doublet" at 562 and 564 
amu as the base peaks in the spectrum. The furan also loses Br> from the parent yielding a three- 
substituted pattern and "doublet" at 402 and 404 amu. The peaks in the spectrum at 646 and 484 amu can 
be attributed to the co-elution of one of the minor six-substituted oxide isomers which are known to have 


retention times in this region (Table IA.). 


As illustrated by these data, on the basis of the results obtained from these combined CGC and 
CGC/MS experiments it was possible to positively confirm all of the relative retention times assignments 
which had previously been made using CGC analysis alone. 
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Table IA. Comparison of the Isomer Retention Time Ranges Obtained from CGC and CGC/MS Analysis of 
the Relative Retention Time Standards 


Retention Time R min 
Diphenyl Oxides Dibenzofurans 

Bromine # coc) = cGecms(2) coc) ~=cccms) 

3 11 19 13-15 22-23 

4 15 23-24 19-20 27-28 

5 19-21 27-27 23-24 32-35 

6 22-24 31-34 27-28 40-44 

iL 25-27 37-40 33-34 60 

8 29-30 45-51 44-45 98-100 

9 35-36 70-75 ---- “n= 

10 48-50 112-115 ---- oe: 


(1) Perkin-Elmer Sigma 2000, 15m, methyl / 5% pheny] silicone column. 
(2) HP-5980-A, 25m, methyl / 5% phenyl] silicone column. 
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Figure 1A. CGC Chromatogram of Diphenyl Oxide and Dibenzofuran Bromination Reaction Product's Cocktail 
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Retention Time, minutes 


Figure 2A. CGC/ MS TIC of Diphenyl Oxide and Dibenzofuran Bromination Reaction Product's Cocktail 
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